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Tes is a member of an emerging family of proteins sharing a set of protein motifs referred to as PET-LIM domains. PET-LIM proteins such as
Prickle regulate cell behavior during gastrulation in Xenopus and zebrafish, and to ask whether Tes is also involved in controlling cell behavior, we
isolated its Xenopus orthologue. Xtes is expressed as a maternal transcript that is maintained at low levels until neurula stages when expression is
elevated in the head and axial structures. Depletion of Xtes leads to a foreshortened head and severe defects in axis elongation. The anterior defect
is due in part to the inhibition of cranial neural crest migration while the defects in elongation may be due to perturbation of expression of XFGF8,
Xdelta-1 and Xcad-3 and thereby to disruption of posterior somitogenesis. Finally, we note that simultaneous depletion of Xtes and Xenopus
Prickle results in axial defects that are more severe than those resulting from depletion of Xtes alone, suggesting that the two proteins act together
to control axial elongation.
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The behavior of involuting mesoderm and noninvoluting
neural ectoderm during gastrulation in amphibia and fish is
regulated through the planar cell polarity (PCP) pathway. Gain
and loss of function of core signaling components of this
pathway, including Wnt11, Strabismus and Dishevelled, as well
as downstream effectors such as Rac, Rho, CDC42 and Jnk,
disrupt gastrulation, often by perturbing mediolateral cell
intercalation (Choi and Han, 2002; Darken et al., 2002; Goto
and Keller, 2002; Habas et al., 2003; Heisenberg et al., 2000;
Park and Moon, 2002; Tada and Smith, 2000; Wallingford et al.,
2000; Yamanaka et al., 2002).
One of the key intermediates that regulates the vertebrate
PCP pathway is Prickle (Pk) (Carreira-Barbosa et al., 2003;
Jiang et al., 2005; Takeuchi et al., 2003; Veeman et al.,
2003). In Xenopus, both over-expression and depletion of
Xpk inhibit activin-induced convergent extension movements
of animal caps and cause gastrulation defects in the whole
embryo (Takeuchi et al., 2003). Similarly, gain and loss of⁎ Corresponding author.
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movements in zebrafish (Carreira-Barbosa et al., 2003;
Veeman et al., 2003). Over-expression of Pk in zebrafish
embryos also inhibits Wnt/β-catenin signaling and increases
the frequency of calcium transients, suggesting that there is
overlap between the canonical and the noncanonical/PCP
Wnt signaling pathways (Veeman et al., 2003). In addition
to these cell autonomous functions, Pk can also act noncell
autonomously, by regulating fibronectin fibril assembly in
the mesoderm (Goto et al., 2005).
Xpk is a member of a family of proteins that shares protein
motifs referred to as the PET and LIM domains (Gubb et al.,
1999). The PET domain (Prickle, Espinas and Tes) comprises
a neutral stretch of amino acids of no known function and is
found at the amino termini of PET-LIM proteins. The PET
domain is followed by three LIM domains in the carboxyl
terminus. The cysteine–histidine rich double zinc finger LIM
domain defines a protein–protein interaction motif for a wide
variety of proteins with diverse cellular functions (Bach,
2000; Dawid et al., 1998). Like other protein interaction
motifs, such as the SH2/SH3 domains, the LIM domain acts
as an adaptor to promote the formation of higher order
molecular complexes.
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regulates cell behavior (Coutts et al., 2003; Divecha and
Charleston, 1995; Garvalov et al., 2003; Griffith et al.,
2004; Gubb et al., 1999; Tatarelli et al., 2000). In rat and
chicken fibroblasts, Tes is associated with actin stress fibers
and it promotes cell spreading on fibronectin, while in HeLa
cells, Tes localizes to focal adhesions (Coutts et al., 2003;
Garvalov et al., 2003; Griffith et al., 2004). RNAi-mediated
knockdown of Tes causes the loss of actin stress fibers,
suggesting that Tes may play a role in regulating the actin
cytoskeleton (Griffith et al., 2005). Consistent with this
suggestion, Tes binds a variety of cytoskeletal proteins
including paxillin, talin, zyxin, VASP, Mena, EVL, alpha-II-
spectrin and actin (Coutts et al., 2003; Garvalov et al., 2003;
Rotter et al., 2005). The ability of Tes to interact with these
different proteins depends on specific LIM domains. For
example, binding to zyxin requires the first LIM domain of
Tes, while the third domain is necessary for binding to
VASP and Mena (Garvalov et al., 2003) as well as to alpha-
II-spectrin (Rotter et al., 2005).
With these observations in mind, we asked if Xenopus
Tes, like Xenopus Prickle, regulates cell behavior during
early Xenopus development. Depletion of Xtes caused head
and axial defects that were due in part to a disruption of
neural crest migration and a failure of muscle morphogen-
esis. These phenotypes were presaged by perturbation of the
expression of FGF8, Xdelta-1 and Xcad3, suggesting that
Xtes plays an important role in antero-posterior patterning in
the Xenopus embryo. The phenotype caused by loss of Xtes
was exacerbated by simultaneous inhibition of Xpk function,
implying that these two PET-LIM proteins act together to
control axial development.
Materials and methods
Xenopus embryo manipulations
Xenopus laevis embryos were generated by in vitro fertilization and
staged according to Nieuwkoop and Faber (1975). Antisense morpholino
oligonucleotides (‘MOs’) were designed by and acquired from GeneTools
(Philomath, OR, USA). They were resuspended in distilled water and stored
at − 80°C. Two MOs were directed against Xenopus Tes: MO1 has the
sequence 5′-CTCTAGCTCCATCCTTATCCTTTAT-3′ and MO2 the se-
quence 5′-TCTACGCGTTCTTCTGCTTCTTTG-3′. A control MO differed
in five bases (underlined) from MO1: 5′-CTGTACCTCGATGCTTATCGTT-
TAT-3′. A MO directed against Xenopus Prickle (Pk) has the sequence 5′-
CCTTCTGATCCATTTCCAAAGGCAT-3′ (XpkA MO). This overlaps in all
but one of its bases with the MO used by Takeuchi and colleagues (2003)
which has the sequence 5′-CTTCTGATCCATTTCCAAAGGCATG-3′
(XpkU MO).
Microinjections were carried out in 4% Ficoll in 75% NAM (Slack, 1984).
Embryos were cultured at 14°C, and when they reached midblastula stage 8,
they were transferred to 10% NAM. RNA for injection was synthesized in vitro
using the MessageMachine kit (Ambion) according to the manufacturer's
instructions. Animal pole regions (‘animal caps’) were dissected from stage 8.5
embryos and cultured in 75% NAM supplemented with 0.1% BSA (Sigma).
Partially purified recombinant activin was added to a concentration of 16 U/ml
(Cooke et al., 1987) and caps were cultured at 18°C and scored for elongation
when control embryos reached stage 18. Dorsal marginal zone explants (DMZ)
were excised at stage 10 and cultured in 75% NAM supplemented with 0.1%
BSA until control embryos reached stage 18.In situ hybridization and immunohistochemistry
Whole mount in situ hybridization was performed as described (Harland,
1991), using DIG labeled probes and BM purple (Roche) as a substrate. A full-
length Xtes cDNA was used as a probe. Whole-mount immunohistochemical
staining with monoclonal antibodies 12/101 (Kintner and Brockes, 1984) and
MZ15 (Smith and Watt, 1985) was carried out essentially as described (Smith,
1993). In situ experiments were carried out at least twice and each panel
represents ≥90% of the population in which n ≥ 20. All images were captured
with an Orca CCD camera controlled using Openlab software (Improvision) on a
PowerMac G4. Images were processed using Adobe Photoshop and figure
composites generated with Adobe Illustrator. No image manipulation was
carried out except for changes using the levels and brightness/contrast panels of
Photoshop.
Neural crest transplants
Neural crest transplants were performed as previously described
(Borchers et al., 2000), with the following modifications. Donor embryos
were injected at the 1 cell stage with 80 ng of MO supplemented with
fluorescein dextran (lysine fixable, 10,000 MW, Molecular Probes). After
culturing the embryos at 14°C overnight, embryos were transferred to
Danilchik's for Amy medium (DFA) (Sater et al., 1993) and cultured to
stage 16. Using Blutak (Bostik)-based culture dishes to stabilize the
embryos, the epithelium was removed with an eyebrow knife and the rostral
region of prospective cranial neural crest was removed and transplanted into
the same site in an uninjected recipient in which the cranial neural crest had
been extirpated. We found that use of DFA medium improved healing to
the extent that it was unnecessary to hold the graft in place with a small
piece of glass. Embryos were transferred to a new dish of DFA after
30 min and cultured overnight at 14°C. Neural crest cell migration was
analyzed by epifluorescence using a Leica dissecting microscope and
images were captured using Openlab software.
Cloning of Xtes
Full length Xenopus Tes was cloned using 5′ and 3′ RACE reactions using
gene-specific primers designed from sequences derived from an IMAGE EST
clone (GenBank Accession no. BF612355; I.M.A.G.E Consortium; http://
image.llnl.gov/). PCR products were cloned into pGEM-T Easy (Promega) and
sequenced to generate a Xenopus cDNA sequence. A full-length Xtes open
reading frame was cloned by PCR and subcloned into pCS2.
RNA isolation and quantitative PCR
Total RNA was extracted from 5 embryos for each experimental condition
using TriPure reagent (Roche) according to the manufacturer's instructions.
Quantitative PCR was performed using the LightCycler RNA amplification
SYBR I green kit (Roche) with gene specific primers. Reaction conditions and
sequences for gsc, chordin, ODC and Cerberus have been described previously
(Heasman et al., 2000; Kofron et al., 2004). LightCycler analysis of Xtes was
performed using the following primers: forward 5′-AGTCCTTGGTGTGGGA-
GATG-3′; reverse 5′-ATACAGCGGGGTCTCCTTCT-3′. Conditions were:
denaturing temperature: 95°C; annealing temperature/time: 58°C/5 s; extension
temperature/time: 72°C/9 s; acquisition temperature/time: 83°C/0 s. RNA levels
were normalized to ODC and then expressed as a ratio of MO:ConMO.Results
Cloning of Xenopus Tes
The Xenopus orthologue of Tes was cloned using 5′ and
3′ RACE as described in Materials and methods. Sequenc-
ing of the Xtes cDNA revealed an open reading frame of
1269 base pairs encoding a protein of 422 amino acids (Fig.
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domains revealed a conserved PET domain (Gubb et al.,
1999) at the amino terminus of the protein. The Xtes PET
domain is highly conserved among the vertebrate Tes
orthologues with an approximate identity of 90% between
chicken, mouse and human Tes (Figs. 1B, C). One feature
of the PET family of proteins is the presence of multiple
LIM domains arrayed sequentially in the carboxyl terminus.
Xtes has three such domains that share a high identity with
the LIM domains of the other vertebrate Tes orthologues
(Fig. 1B).Fig. 1. Characterization of Xenopus Tes. (A) Amino acid sequence of Xtes with ma
Double underlined are the three LIM domain repeats. The critical cysteine and hist
Schematic drawings of the Tes family of proteins. The percent sequence identity of the
Overall sequence identity is also indicated. Accession numbers are: X. laevis BC045
AAH75889. (C) Phylogenetic tree of the PET-LIM family. Additional accession num
laevis prickle A AF387815; X. laevis prickle B AY055473; zebrafish prickle1 NM_Expression pattern of Xtes during early embryogenesis
Real-time RT-PCR revealed that there is significant maternal
expression of Xtes and that levels decline during cleavage
stages, with only weak expression by gastrula stages (Fig. 2A).
Transcription increases at late neurula stages and is high in tail
bud embryos. In situ hybridization analysis showed that
maternal Xtes is expressed in the animal hemisphere at the 4-
cell stage (Fig. 2B). By stage 18, Xtes is detected in cells
adjacent to the anterior neural plate (Figs. 2C, D). In late neurula
embryos, Xtes is found rostrally (Fig. 2E) in a pattern similar tojor domains highlighted. Underlined is the PET (Prickle, Espinas, Tes) domain.
idine residues for the double Zn+2 finger are indicated in bold small caps. (B)
PETand LIM domains from Xtes with other vertebrate orthologues is indicated.
027; chicken NM_204623; mouse NM_207176; human NM_152829; zebrafish
bers are: human dyxin (LMCD1) NM_014583; human LMO6 CAG33492; X.
183342; Drosophila prickle (pk) AJ243708.
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Xslug expression (Fig. 2F). Later, Xtes staining strongly labels
cells ventral to the eye (Fig. 2G), cells that are positive for
Xtwist expression (Fig. 2H). At tail bud stages, strong Xtes
expression is detected in the head (Figs. 2I, J, L). Use of shorter
development times revealed that Xtes is expressed ventral to the
developing eye, the branchial arches and lateral line placodes
(Fig. 2I). Further development showed expression in the otic
vesicle, dorsal fin and notochord (Fig. 2J), with a weak but clear
signal at intersomitic junctions (Fig. 2K). The mouse Tes
orthologue is also detected in the migrating cranial neural crestas well as the mesenchyme of the branchial arches, and weak
staining can be detected in the dermomyotome (Bekman and
Henrique, 2002).
Over-expressed Xtes localizes to the cell periphery and disrupts
epithelia
To examine the role of Xtes during Xenopus development,
we first over-expressed Xtes RNA at the one-cell stage. Low
levels of Xtes RNA had no effect on development, but doses
greater than 500 pg caused patches of elongated and highly
pigmented epithelial cells to form near the site of injection,
although the integrity of the epithelium did not appear to be
compromised and the embryos otherwise developed normally
(Figs. 3A–C).
In human, rat and chicken cells, Tes is recruited to focal
adhesions and actin stress fibers (Coutts et al., 2003;
Garvalov et al., 2003; Griffith et al., 2004). To ask whether
the same is true in Xenopus, we examined isolated animal
pole regions expressing a GFP-Tes fusion protein. GFP
alone was detected in nucleus and cytoplasm (Fig. 3D)
while GFP-Xtes was localized at the periphery of the cell
(Fig. 3E). In intact tail bud stage embryos, strong peripheral
localization of GFP-Xtes was also detected in epithelial
cells, although fluorescence was more widespread in the
somites (Fig. 3F).
MO-based Xtes depletion causes anterior defects
The function of Xtes was investigated by use of antisense
morpholino oligonucleotides (MOs). We designed two non-
overlapping Xtes MOs, the first of which (Xtes MO1) spanned
the ATG initiation codon, while the second (Xtes MO2)
recognized a more 5′ sequence (Fig. 4A). Both MOs inhibited
translation of recombinant Xtes RNA in an in vitro transcrip-
tion–translation reaction (Fig. 4B). A control MO with 5 base
mismatches (ConMO1) was unable to block Xtes RNA
translation in vitro (Fig. 4B).Fig. 2. Expression of Xtes during early Xenopus development. (A) Real-time RT-
PCR based expression profile of Xtes from stage 1 through to tail bud stage 32.
Values have been normalized to those of ornithine decarboxylase (ODC). (B–L)
In situ hybridization analysis of Xtes expression. (B) 4-cell stage embryo. (C)
Stage 18; arrows point to strong expression of Xtes next to the neural folds. (D)
Cross-section at neurula stage showing Xtes expression between the epithelium
and mesoderm. (E–H) Xtes expression is found in an anterior stream of cranial
neural crest. (E) White arrow marks the stream of Xtes expressing cells, whose
pattern is similar to the most rostral stream of XSlug positive neural crest cells (F;
white arrow). (G) Xtes expression ventral to the eye (black arrowhead)
corresponds to the most anterior cranial neural crest that is positive for Xtwist
expression (black arrowhead in panel H). White arrowhead and asterisks in
panel G denote Xkrox20 expression in rhombomeres 3 and 5 and the anterior
branchial crest, respectively. (I) Expression of Xtes in the head, in an embryo in
which BM purple stain development was stopped early; asterisks mark the three
lateral line placodes. (J) View of a whole tail bud embryo showing strong
expression in the notochord (nc). Staining was also evident in the otic vesicle
(arrow) and the rostral region of the dorsal fin (arrowhead). (K, L) If the BM
purple stain is allowed to develop longer, Xtes expression becomes evident
along the somitic boundaries (white arrowheads in the higher magnification
view in panel K).
Fig. 3. Over-expression of Xtes RNA causes pigment disruption in the epithelium of the embryo. (A–C) Embryos were either (A) uninjected or (B, C) injected with
1 ng of Xtes RNA into one cell at the two-cell stage. Xtes-injected embryos developed normally save for small patches in which the pigmentation of the epithelium
became abnormal. These epithelial disruptions corresponded to the original site of injection of the two-cell embryo. A typical epithelial pigment disruption from one
embryo (white dotted box in panel B) has been enlarged in panel C. (D, E) Expression and localization of GFP-Xtes. Embryos were injected with (D) GFP or (E, F)
GFP-Xtes. At stage 8.5, animal caps were dissected from the embryos and cultured on fibronectin-coated coverslips until midgastrula stages. (D) Confocal image of a
GFP-injected cap, in which GFP expression was present throughout the cytoplasm. In contrast, GFP-Xtes was localized to the cell periphery (E). (F) Epifluorescent
image of the trunk of an embryo expressing GFP-Xtes. Peripheral localization of GFP-Xtes was evident in the epithelium (arrow) but not in the myotome (arrowhead);
inset shows higher magnification of white dotted box.
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MO1 and Xtes MO2 (80 ng) both caused embryos to exhibit
anterior defects and a shortening of the axis (Figs. 4D, E, G, H).
Although the head appeared foreshortened in such embryos,
cement gland and eyes were present suggesting that the loss of
Xtes affects morphogenesis rather than the specification of
anterior structures (see below). Embryos injected with high
doses of MO (80 ng) failed to develop past stage 32. Together,
these results suggest that depletion of Xtes caused anterior
defects and a failure of proper axial elongation.
Xtes-depletion does not affect anterior patterning
The observation that cement gland and eyes are present in
embryos injected with Xtes MOs suggests that specification of
anterior structures occurs normally in such embryos. Consistent
with this suggestion, expression of goosecoid (Cho et al., 1991)
is unaffected by Xtes MOs, although levels of chordin (Sasai et
al., 1994) and cerberus (Bouwmeester et al., 1996; Piccolo et
al., 1999) are reduced by approximately 30% and 50%,
respectively (Fig. 5A). It is unlikely, however, that the decrease
in cerberus expression accounts for the head defects observed in
Fig. 4 because head formation is normal in mouse and Xenopus
embryos lacking cerberus function (Belo et al., 2000; Shawlot
et al., 1998; Silva et al., 2003; Stanley et al., 2000).
To gain further insight into the cause of the head defect in
embryos lacking Xtes function, we examined the expression of
a panel of anteriorly expressed genes. Transcription of the
neural marker XSox3 (Penzel et al., 1997) was normal in
embryos injected with Xtes MOs (Figs. 5B–D), suggesting that
Xtes is not involved in neural development. Expression of theanterior neural markers XBF-1 (Bourguignon et al., 1998) and
XRx1 (Casarosa et al., 1997) was also unaffected by loss of Xtes
function (Figs. 5E–J), as was expression of En-2 and Krox20
(Bradley et al., 1993; Hemmati-Brivanlou et al., 1991) which
are expressed at the midbrain–hindbrain border and in the
hindbrain, respectively (Figs. 5K–M). Together, these data
suggest that the loss of Xtes activity does not perturb neural
induction or neural patterning.
Embryos lacking Xtes activity have defects in cranial neural
crest migration
The observation that loss of Xtes activity does not affect
neural patterning suggests that the gene may instead regulate
head morphogenesis. The anterior expression of Xtes at neurula
and tail bud stages (Figs. 2C, D, E, G) is reminiscent of that of
cranial neural crest cells, which give rise to cartilaginous and
skeletal elements of the head as well as to much of the
connective tissue (Le Douarin et al., 2004). To investigate
neural crest formation in embryos injected with Xtes MOs, we
examined the expression of Xslug, Xtwist and FoxD3 (Hop-
wood et al., 1989; Mayor et al., 1995; Sasai et al., 2001).
Expression of Xslug and FoxD3, two of the first genes to be
expressed in neural crest, is normal in embryos lacking Xtes
function (Figs. 6A–F), suggesting that Xtes is not required for
the specification of neural crest cells. Moreover, the loss of Xtes
did not disrupt either the number or the shape of the developing
streams of neural crest (Figs. 6G–I).
During late neurula stages, neural crest cells undergo an
epithelial-to-mesenchymal transition that presages their migra-
tion to specific sites where they coalesce and differentiate. To
Fig. 4. Antisense morpholino oligonucleotide depletion of Xtes protein. (A) Sequences of Xtes MOs aligned with the 5′-untranslated region (UTR) of XtesmRNA. The
changed nucleotides in the MO1 control are in bold, and the ATG initiation codon is underlined. (B) Xtes MO inhibition of an in vitro transcription–translation of Xtes
RNA that includes the 5′-UTR sequences. Arrow indicates the band corresponding to Xtes protein. (C–H) Phenotypes of embryos either (C) uninjected or injected
with (D, E) MO1, (F) ConMO1, (G, H) MO2. Panels D and G are lateral views and panels E and H are anterior views.
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injected our MOs into one dorsal blastomere at the 4-cell stage
along with RNA encoding β-gal as a lineage tracer. We then
determined the extent of neural crest migration at early tail bud
stages by in situ hybridization for Xtwist, which effectively
labels the migrating mandibular, hyoid, and branchial neural
crest streams (Hopwood et al., 1989). In embryos injected with
our control MO, there was no difference in the extent of cranial
neural crest migration between the injected and uninjected sides
(Figs. 6J, K). However, in embryos injected with Xtes MOs, we
noted that cranial neural crest cells, and especially the
mandibular stream, tended to accumulate dorsal to the eye
(Figs. 6L, M, white arrowhead), while the branchial stream
appeared to be delayed in its migration (Fig. 6M).
To ask whether Xtes acts in a cell-autonomous fashion to
regulate cell migration, we transplanted rostral cranial neural
crest from embryos injected with Xtes MO1 together with the
lineage tracer fluorescein dextran into wild-type embryos.
When the graft was derived from control embryos, neural crest
cells migrated normally and populated a region ventral to theeye, as expected (compare Figs. 6N with J). In contrast, neural
crest cells derived from embryos injected with Xtes MOs did
not migrate to their correct destination (compare Figs. 6N, O,
white brackets), and we frequently observed a stream of cells
surrounding the caudal and even the dorsal rim of the eye (Fig.
6O, white arrow). Together, these data suggest that Xtes is
required cell-autonomously for the proper migration of cranial
neural crest cells.
Xtes gain and loss of function do not inhibit convergent
extension of activin treated animal caps
The second defect observed in embryos injected with Xtes
MOs is a failure of axial elongation (Figs. 4D, G). Elongation is
the result of several distinct cell behaviors, including the
directed cell migration of head mesoderm (Winklbauer and
Nagel, 1991), epiboly of mesoderm and ectoderm by radial
intercalation (Keller, 1980) and the autonomous extension of
ventral cells (Larkin and Danilchik, 1999). The most important
contribution to the elongation of the body axis, however, comes
Fig. 5. Expression of anterior neural markers is unaffected in embryos lacking Xtes function. (A) Real-time PCR analysis of organizer gene expression following Xtes
depletion. Embryos were injected at the 1 cell stage with 80 ng of either Xtes MO1 or Xtes ConMO1, and then harvested for RNA analysis at stage 12. Values were
normalized relative to ODC and then expressed as a ratio of Xtes MO1:Xtes ConMO1. A value of 1 indicates that the expression was the same in Xtes-depleted
embryos and those injected with the control MO. (B–M) Xtes depletion does not alter anterior neural patterning. Embryos were injected with either (B, E, H, K) Con
MO1, or (C, F, I, L) Xtes MO1, or (D, G, J, M) Xtes MO2 at the 1 cell stage, and then expression of the anterior neural markers (B–D) Sox3, (E–G) XBF-1, (H–J) XRx1
and (K–M) En-2/Krox20was analyzed by in situ hybridization. (J) Arrowheads denote the expression of Krox20 in rhombomeres r3 and r5, while En-2 at the midbrain
hindbrain isthmus is indicated with an arrow.
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somitic mesoderm and neural ectoderm (Keller, 2002; Wall-
ingford et al., 2002a). To ask whether Xtes plays a role in
regulating convergent extension, we injected embryos at the one
cell stage with Xtes RNA or Xtes MOs and then monitored the
morphological responses of animal caps treated with activin
(Symes and Smith, 1987). As expected, control uninjected
animal pole regions remained spherical (Fig. 7A), while activintreatment of uninjected caps caused them to extend due to
convergent extension movements (Fig. 7B). Expression of
Xspry2, which blocks activin-mediated morphogenesis (Nutt et
al., 2001), significantly inhibited activin-induced elongation
(Fig. 7D), but no such inhibition was observed in animal caps
derived from embryos injected with RNA encoding Xtes (Fig.
7C). Similarly, activin-induced elongation of animal caps was
not prevented in animal caps derived from embryos injected
259K.S. Dingwell, J.C. Smith / Developmental Biology 293 (2006) 252–267with Xtes MOs (Figs. 7G, H), and nor did depletion of Xtes
inhibit convergent extension movements in dorsal marginal
zone explants (Figs. 7J–L). Together, these data demonstrate
that neither gain nor loss of Xtes function causes defects in
activin-mediated convergent extension, suggesting that Xtes
acts after gastrulation in regulating axial elongation.
Xtes depletion disrupts somitogenesis
After gastrulation, axial elongation is driven in large part by
the formation of the somites (Dubrulle and Pourquie, 2004).
Since lack of Xtes does not prevent activin-induced animal capelongation, and gastrulation and neurulation occur normally in
embryos injected with Xtes MOs, we asked whether depletion
of Xtes inhibits somitogenesis.
Xtes is strongly expressed throughout the notochord, and
although a fully differentiated notochord is not required for
axial elongation (Malacinski and Youn, 1982; Scharf and
Gerhart, 1980), this tissue does produce signals that regulate
axis formation (Stemple, 2005). Staining with the notochord-
specific antibody MZ15 (Smith and Watt, 1985), however,
revealed that notochord formation occurs normally in embryos
injected with Xtes MOs (Figs. 8A–D). In contrast, muscle
differentiation is abnormal in such embryos: immunostaining
with the muscle specific antibody 12–101 (Kintner and
Brockes, 1984) showed, in contrast to control embryos (Figs.
8E, F, I), that 12–101 staining is restricted to the anterior region,
with little or no staining in the caudal trunk and tail (Figs. 8G–
H). To examine this phenotype in more detail, we injected
embryos with reduced amounts of Xtes MO in an effort to create
the equivalent of an ‘allelic series’. In these experiments, some
embryos formed anterior somites almost normally (Fig. 8J)
while others, although immunopositive for the 12–101 antigen,
displayed no muscle segmentation (Fig. 8K).
The axial structures of Xenopus are formed by two distinct
mechanisms. The head mesoderm and the 12 most anterior
somites involute during gastrulation, while the remaining trunk
and tail somites are formed through tail bud extension (Keller,
2000). It is the latter process which seems to require Tes
function: in embryos injected with lower doses of Xtes MO, the
12 rostral somites segment normally but up to 7 trunk and tail
somites are absent (Fig. 8J). The developing tail bud of Xenopus
consists of the chordoneural hinge, which develops from the
remnant of the dorsal blastopore lip and is contiguous with the
caudal notochord and ventral neural tube, together with the
posterior wall, which is formed by the closure of the lateral
blastopore lips over the blastopore (Gont et al., 1993; Tucker
and Slack, 1995). The tail bud expresses a wide range of genes,
many of which, including components of the FGF, Wnt, Notch
and BMP signal transduction pathways (Beck and Slack, 1998),
have been implicated in regulating somitogenesis (Dubrulle andFig. 6. Cranial neural crest migration is altered in embryos lacking Xtes
function. Expression pattern of neural crest markers (A–C) Xslug and (D–F)
FoxD3was normal in (A, D) Xtes ConMO1 (B, E) Xtes MO1, (C, F) Xtes MO2-
injected embryos. (G–I) Neural crest streams, marked by Xslug expression,
develop normally in Xtes MO-injected embryos. (G) Xtes ConMO1, (H) Xtes
MO1, (I) Xtes MO2. (J–M) Xtwist expression. One dorsal blastomere was
injected at the 4-cell stage with either (J, K) Xtes ConMO1 or (L, M) Xtes MO1.
β-gal RNA was injected with the MO as a lineage marker. (J, L) Control
uninjected sides; (K, M) injected sides. The arrowhead in panel M shows the
abnormal migration of Xtwist positive neural crest in the Xtes MO1-injected
embryo. (L–O) The role of Xtes in neural crest cell migration was further
explored by transplanting neural crest from stage 16 embryos that had been
injected with either (N) Xtes ConMO1 or (O) Xtes MO1. Fluorescent dextran
was added to the MOs to mark the transplant. (N) Cranial neural crest from an
Xtes ConMO1 donor migrated to occupy a region dorsal to the cement gland
(100%, n = 17). (O) There was a more limited migration of donor Xtes MO1
neural crest (31%, n = 19); note the limited signal ventral to the eye, and the
stream of labeled cells on the caudal rim of the developing eye (white
arrowhead).
Fig. 7. Gain or loss of function of Xtes does not inhibit activin-dependent convergent extension movements in animal caps. (A–D) Embryos at the 1 cell stage were
either (A, B) uninjected or injected with 1 ng of either (C) Xtes or (D) Xspry2 RNA. At stage 8.5, animal caps were dissected and either (A) left untreated or (B–D)
treated with 16 U of activin until control embryos had reached stage 18. (E–H) In a separate experiment, effects of Xtes-depletion on convergent extension were tested
by treating animal caps from either (F) uninjected, (G) Xtes ConMO1 or (H) Xtes MO1-injected embryos with activin until stage 18 equivalent. Untreated control
uninjected embryos are shown in panel E. (I–L) Xtes depletion does not inhibit convergent extension in dorsal marginal zone (DMZ) explants. DMZs were excised
from early gastrula stage 10 embryos either (I) uninjected or injected with (J) Xtes ConMO1, (K) Xtes MO1 or (L) Xtes MO2. They were cultured to the equivalent of
stage 18.
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these genes in order to understand in more detail the defects in
somitogenesis in embryos lacking Xtes function.
FGF8 is strongly expressed in the Xenopus tail bud in a
region surrounding the blastopore and transcripts extend
caudally in two stripes running parallel to the antero-posterior
axis (Christen and Slack, 1997) (Fig. 8L); a gradient of FGF8
regulates segmentation in the presomitic mesoderm of the
vertebrate embryo (Dubrulle and Pourquie, 2004). In embryos
injected with Xtes MO1 and Xtes MO2, FGF8 expression is
confined to the circumblastoporal domain, failing to extend
rostrally (Figs. 8P, T).
FGF activity regulates the segmentation clock (Dubrulle et
al., 2001; Moreno and Kintner, 2004; Sawada et al., 2001;
Zakany et al., 2001), and perturbation of FGF signaling in the
presomitic mesoderm of Xenopus causes disruption of the
Notch pathway (Moreno and Kintner, 2004), leading to severe
segmentation defects (Lombardo and Slack, 1998). Consistent
with these observations, Xtes depletion causes defects in
XDelta-1 expression. In control embryos, XDelta-1 is expressed
in two stripes corresponding to the most caudal somitomeres
(Fig. 8M). In contrast, embryos injected with Xtes MOs express
XDelta-1 in a diffuse expression pattern that does not resolve
into stripes (Figs. 8Q, U).
Antero-posterior patterning in Xenopus involves the
activation of members of the Cdx family of genes by FGF
and retinoid signaling (Isaacs et al., 1998; Pownall et al.,
1996; Shiotsugu et al., 2004). Xenopus Xcad3 is animmediate-early target of FGF signaling and controls
antero-posterior patterning by regulating Hox gene expres-
sion (Isaacs et al., 1998). Consistent with the observation
that FGF8 expression in Xenopus is disrupted by injection
of Xtes MOs, we observed the concomitant perturbation of
Xcad3 in such embryos. At neurula stages Xcad3 activation
is more diffuse and sometimes depressed (Figs. 8N, R, V),
while at tail bud stages, Xcad3 transcripts fail to extend
anteriorly within the neural tube (Figs. 8O, S, W).
Xtes and Xpk act synergistically in axis elongation
Xtes is expressed early in Xenopus development (Fig. 2),
but its depletion by antisense morpholino oligonucleotides
produces only a late phenotype. It is possible that at early
stages we are unable to deplete a maternal contribution of
Tes protein. Alternatively, another member of the PET-LIM
family may compensate for the loss of Xtes, and one
candidate for such a protein is Xpk (Fig. 9A). Like Xtes,
Xpk is expressed in notochord and somites (Takeuchi et al.,
2003; Wallingford et al., 2002b) and gain and loss of
function experiments suggest that Xpk plays an important
role in regulating convergent extension movements (Takeu-
chi et al., 2003) and thus axis elongation. Our own
experiments reveal that injection of antisense morpholino
oligonucleotides directed against Xpk (XpkA MO and XpkU
MO; Figs. 9B, C) reduces axis elongation by up to 20%
when compared to control embryos (Figs. 9D–I).
Fig. 8. Xtes MO depletion causes defects in somitogenesis and AP patterning. Axis elongation was examined by immunostaining for either (A–D) notochord using the
monoclonal antibody MZ15, which recognizes keratan sulfate, or (E–H) with 12–101, which recognizes differentiated muscle. Embryos were either (A, E) uninjected
or injected at the 1 cell stage with 80 ng of (B, F) Xtes ConMO1, (C–G) Xtes MO1 or (D–H) Xtes MO2. (I–K) 12–101 immunostaining of embryos injected with
40 ng of either (I) Xtes ConMO1 or (J, K) Xtes MO1. The 12 somites formed during gastrulation are indicated with a white arrowhead in panels I and J, with the 20th
somite also indicated in panel I. Xtes MO1-injected embryos displayed either (J) a weak patterning defect in the first 12 somites or (K) a complete loss of somitic
patterning, but in both cases (J, K) postgastrulation somitogenesis was disrupted. (L–W) The expression patterns of various genes expressed during tail bud stages (L,
P, T) FGF8, (M, Q, U) Xdelta-1, (N, O, R, S, V, W) and Xcad3 were determined by in situ hybridization at (L–N, P–R, T–V) stage 20 in embryos injected at the 1 cell
stage with either (L–N) Xtes ConMO1, (P–R) Xtes MO1 or (T–V) Xtes MO2. Note the loss of rostral FGF8 staining (white bracket) in (P) Xtes MO1 and (T) Xtes
MO2-injected embryos compared to (L) embryos injected with Xtes conMO1. White arrows in panels M, Q and U denote somitic expression of Xdelta-1. Expression
of Xcad3 in stage 28 embryos injected with either (O) Xtes conMO1, (S) Xtes MO1 or (W) Xtes MO2. The white arrowhead in panel O denotes the most rostral
expression of Xcad3 in the neural tube.
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Xtes, we injected simultaneously antisense morpholino
oligonucleotides specific for each gene product (Figs.10A–F). As previously observed, Xtes MO1 alone (40 ng)
caused embryos to develop a shortened axis with slight
anterior defects (Fig. 10D). However, simultaneous injection
Fig. 9. Xpk-depletion inhibits axis elongation. (A) Schematic drawing of Xtes and XpkA with % identities of the conserved PET and LIM domains indicated. (B)
Sequences of Xpk MOs aligned with the 5′-untranslated region (UTR) of XpkA mRNA. The ATG initiation codon is in bold in the cDNA and underlined in the two
Xpk MOs. XpkA is designed against the XpkA isoform, while XpkU denotes the morpholino designed by Takeuchi and colleagues (2003). (C) Inhibition of in vitro
transcription/translation of an Xpk expression construct that includes 5′UTR sequences. Arrow indicates the band corresponding to Xpk protein. (D) The lengths of the
axes of embryos injected with Xpk MO are shorter than those of control uninjected embryos. * Indicates a significant difference in axis length between XpkA- and
XpkU-MO-injected embryos compared with control embryos (Student's t test; P < 0.05). ** Indicates no significant difference between XpkA and XpkU-injected
embryos. (E–I) Phenotypes of embryos injected with XpkMO. Embryos were injected with either 40 ng of (E) XpkAMO, (F) XpkUMO or 80 ng of (H) XpkAMO or
(I) XpkU MO. Panel G shows uninjected control embryos.
262 K.S. Dingwell, J.C. Smith / Developmental Biology 293 (2006) 252–267of XpkA MO (40 ng) and Xtes MO1 (40 ng) caused more
severe defects in axial elongation, although gastrulation
proceeded normally (Fig. 10E and data not shown). Thedefects in elongation were exacerbated by increasing the
dose of XpkA MO to 60 ng, at which concentration there
was little or no axis extension (Fig. 10F).
Fig. 10. Xtes and Xpk act synergistically to control axis elongation. (A–F) Phenotypes of embryos injected with Xtes and Xpk morpholinos. Embryos were injected at
the 1 cell stage with either (A) 80 ng of Xtes ConMO1, (B) 40 ng of XpkA MO, (C) 80 ng XpkA MO, (D) 40 ng Xtes MO1, (E) 40 ng each of Xtes MO1 and XpkA
MO, (F) 40 ng Xtes MO1 or 60 ng XpkAMO. (G–L) Depletion of the PET-LIM domain proteins Xtes or Xpk does not affect activin-dependent convergent extension.
Animal caps derived from the siblings of the embryos shown in panels A–F were either (G) untreated or (H–L) treated with 16 U of Activin and cultured until the
equivalent of stage 18. (G) Untreated control caps injected with 80 ng Xtes ConMO1. Caps treated with activin and derived from embryos injected with (H) 80 ng Xtes
ConMO1, (I) 40 ng Xtes MO1, (J) 80 ng XpkAMO, (K) 40 ng Xtes MO1/40 ng XpkAMO and (L) 40 ng Xtes MO1/60 ng XpkAMO. (M–P) Combined depletion of
Xtes and Xpk does not inhibit convergent extension in dorsal marginal zone explants. DMZs were excised from stage 10 embryos either (N) uninjected or injected with
either (O) 80 ng Xtes MO1, (P) 80 XpkA MO1 or (Q) 40 ng Xtes MO/60 ng XpkA MO and cultured to the equivalent of stage 18.
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for loss of Xtes at early stages of Xenopus development but that
the two proteins act together to regulate axial elongation.
However, we note that our results differ from those of Takeuchi
et al. (2003), who observe that depletion of Xpk causes
gastrulation defects in Xenopus. At present, we cannot explain
these differences. Our XpkA antisense morpholino oligonucle-
otide overlaps in 24 of its 25 bases with that of Takeuchi and
colleagues (XpkU MO; Fig. 9B), but surprisingly it does not
cause significant inhibition of animal cap elongation in responseto activin, either when injected alone or in combination with
Xtes MOs (Figs. 10G–L). Similarly, XpkA MO does not inhibit
morphogenetic movements in dorsal marginal zone explants
(Figs. 10M–P).
Our inability to block animal cap elongation by injection of
Xpk MOs contrasts with previous work by Takeuchi et al.
(2003). The disparity is unlikely to reflect differences in the
efficacies of the MOs used in the two sets of experiments,
because the two are indistinguishable in their abilities to inhibit
axis elongation (Figs. 9D–I). Interestingly, previous work from
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has no effect on gastrulation in Xenopus tropicalis (Taverner et
al., 2005). These observations again contrast with previous
work (Takeuchi et al., 2003), but are in agreement with
unpublished work by John Wallingford and Richard Harland
(personal communication). These points, and others, are
discussed below.
Discussion
Tes is a member of the PET-LIM family that includes
proteins such as Pk, which plays an important role in the
regulation of gastrulation (Carreira-Barbosa et al., 2003; Goto et
al., 2005; Takeuchi et al., 2003; Veeman et al., 2003). Like Pk,
Tes contains an amino terminal PET domain of no known
function and three consecutive LIM repeats, which are thought
to be involved in specific protein–protein interactions (Figs. 1,
9), but in contrast to Pk, little is known about the function of Tes
during embryonic development. In this paper, we clone X. laevis
Tes (Fig. 1) and show that it is expressed maternally, with
zygotic expression being concentrated in head, notochord and
somites (Fig. 2). The exogenously expressed gene product is
localized to the cell periphery in the epithelium, although in the
myotome it is cytoplasmic (Figs. 3D–F). Over-expression of
Xtes in the Xenopus embryo had little effect on development,
although high doses (>500 pg) caused patches of elongated and
highly pigmented epithelial cells to form near the site of
injection.
Depletion of Xtes by antisense morpholino oligonucleotides
The function of Xtes was investigated by use of antisense
morpholino oligonucleotides (Heasman, 2002) (Fig. 4). Two
nonoverlapping MOs designed against Xtes caused a similar
phenotype in which embryos developed with a foreshortened
head and severe defects in axial elongation (Figs. 4D, E, G, H).
A control MO that differed in 5 bases from Xtes MO1 had no
effect on development (Fig. 4F), suggesting that the observed
phenotype is specific to Xtes. Attempts to ‘rescue’ the Xtes MO
phenotype by injection of Xtes RNA have been unsuccessful
(data not shown). Such failures to rescue are not uncommon
(Heasman, 2002), and there are several possible explanations.
For example, Tes is thought to exist in two conformations: a
‘closed’ confirmation in which it is inactive, and an ‘open’
active confirmation that allows it to form stable and functional
interactions with proteins such as α-actinin, paxillin and zyxin
(Garvalov et al., 2003). It is not known what causes Xtes to
switch between the two forms, and it is possible that our over-
expressed protein adopts the ‘closed’ inactive conformation.
Xtes and neural crest migration
Depletion of Xtes causes two distinct phenotypes: a
shortened antero-posterior axis and a foreshortened head. Our
results suggest that the latter phenotype is not a consequence of
a failure of either head induction or head patterning. First,
defects in head morphology notwithstanding all embryosinjected with Xtes MOs have a cement gland, the most anterior
structure of the embryo (Sive and Bradley, 1996). Second, RT-
PCR analysis indicates that the expression of genes necessary
for head induction in such embryos is little affected (Fig. 5A).
And finally, in situ hybridization shows that the spatial
expression of various anterior markers is also unaffected
(Figs. 5B–M). Together, these experiments indicate that Xtes
does not play a role in head induction or patterning.
Rather, our results suggest that depletion of Xtes disrupts the
formation of structures derived from the neural crest. Expres-
sion of two early neural crest markers, Xslug and XFoxD3, is
normal in embryos lacking Xtes function (Figs. 6A–F),
indicating that the defect lies in neural crest migration rather
than specification. Consistent with this suggestion, Xtwist
expression in embryos injected with Xtes MOs is abnormal,
with the rostral-most cranial neural crest accumulating dorsal to
the eye instead of ventral (Figs. 6J–M). Transplantation of
neural crest cells from embryos lacking Xtes function into
‘wild-type’ recipients confirms that migration in these cells is
compromised (Figs. 6N, O). We are now exploring the
molecular basis for this phenomenon; one possibility is that
Xtes is required for the interaction between integrins and the
extracellular matrix that is required for neural crest migration
(Alfandari et al., 2003; Kil et al., 1998; Testaz et al., 1999;
Tucker, 2004). Xtes localizes to focal adhesions and associates
with several proteins that regulate the interactions of integrins
with the extracellular matrix (Coutts et al., 2003; Garvalov et
al., 2003). Tes also increases the ability of cells to spread on
fibronectin (Coutts et al., 2003; Griffith et al., 2004), which
itself promotes neural crest migration (Perris and Perissinotto,
2000).
Xtes and somitogenesis
Depletion of Xtes also causes embryos to develop with a
shortened antero-posterior axis, with a dramatic loss of posterior
trunk and tail somites. The particular sensitivity of the posterior
somites to loss of Xtes may derive from a difference in the way
in which anterior and posterior paraxial mesoderm is specified
and prepatterned (Chapman and Papaioannou, 1998; Yoon and
Wold, 2000), or it may be that anterior, but not posterior,
paraxial mesoderm can compensate for loss of Xtes and the
resulting defects in somitic prepatterning (Oates et al., 2005).
Compensation for loss of Xtes might derive from the expression
of other PET-LIM proteins in anterior somites. Dyxin and
Prickle, for example, are both expressed in the paraxial
mesoderm in the mouse (Bekman and Henrique, 2002), and
during somitogenesis in Xenopus, Xpk is expressed in a pattern
similar to that of Xtes (Wallingford et al., 2002b). In support of
this idea, simultaneous injection of MOs specific for Xtes and
Xpk caused embryos to undergo very little axial elongation at
all (Fig. 10F).
In addition to their physical segmentation, newly formed
somites are endowed with information defining their relative
positions along the antero-posterior axis. This positional
information is translated as the collinear expression of Hox
genes and is coupled to the segmentation clock by multiple
265K.S. Dingwell, J.C. Smith / Developmental Biology 293 (2006) 252–267feedback loops involving FGFs, retinoic acid and the Cdx
family of homeobox transcription factors (Dubrulle et al., 2001;
Isaacs et al., 1998; Moreno and Kintner, 2004; Pownall et al.,
1996; Shiotsugu et al., 2004; Zakany et al., 2001). Loss of FGF8
signaling, for example, causes a down-regulation of Xcad3
expression and posterior Hox expression (Pownall et al., 1996),
while repression of Xcad3 target genes such as HoxC6, HoxA7,
HoxB7 and HoxB9 results in the complete loss of trunk and tail
development (Isaacs et al., 1998). In Xtes-depleted embryos,
FGF8 expression is disrupted (Figs. 8P, T), and this is
accompanied by perturbations in Xcad3 expression (Figs. 8R,
S, V, W). Together, these data are consistent with a role for Xtes
in regulating FGF8-Xcad3 signaling and could account for the
defects in somitogenesis and subsequent loss of posterior
structures in embryos lacking Xtes function.
Xtes and Xpk
Our results indicate that Xtes and Xpk act together to
regulate axial elongation in Xenopus, but one surprising
observation was that in our hands neither over-expression
(Taverner et al., 2005) nor inhibition (Figs. 9, 10) of Xpk
function alone has any effect on gastrulation in Xenopus.
This observation contrasts with recent work by Takeuchi and
colleagues (2003) and it requires explanation. We do note
that MO-based depletion of pk1 in zebrafish yields only a
mild phenotype, and that significant inhibition of convergent
extension in this species only occurs in the background of
mutations in the planar cell polarity pathway (Carreira-
Barbosa et al., 2003). More recently, Goto et al. (2005) have
shown that Xpk function is not required for mediolateral
intercalation behavior during convergent extension, but
instead for establishing a fibronectin matrix that surrounds
the involuting mesoderm. Together, these data are consistent
with our suggestion that the two PET-LIM proteins Xtes and
Xpk act synergistically to regulate postgastrulation axis
elongation, and it may be that embryos from different
sources are differentially sensitive to the loss of just one of
them.
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